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Abstract
Three numerical puzzles occur at the 0.1% level in top-quark decay. The puzzles involve
the t ! W+b decay helicity amplitudes and the observed masses of these three particles.
A deeper analytic realization is obtained for two of them. Equivalent realizations are given
for the remaining one. An empirical consequence of the puzzles is that it is important to
search for effects of a large chiral weak-moment of the top-quark, Λ+  53GeV . A full
theoretical resolution would include relating the origin of such a chiral weak-moment and the
mass generation of the top-quark, the W-boson, and probably the b-quark.
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On occasion, the development of our knowledge of the weak interaction has been advanced
by the solution of a phenomenological puzzle. In this paper we report on three very interesting
numerical puzzles at the 0:1% level in top-quark decay [1]. We found these puzzles by searching
for empirical ambiguities between the standard model and possible single additional Lorentz-
structures that will occur in the ongoing [2] and forthcoming [3,4] top-quark decay experiments
at hadron and l−l+ colliders. One empirical consequence of the puzzles is that it is important to
search for eects of a large chiral weak-moment of the top-quark. The eective coupling scale is
+  53GeV . The puzzles involve both the t ! W+b decay helicity amplitudes and the observed
masses of these three particles. A full theoretical resolution of them would include relating the
origin of such a top-quark’s chiral weak-moment and the mass generation of the top-quark, the
W-boson, and probably the b-quark.
There are four types of analytical relations, see (i)-(iv) below, which are a deeper realization
of 2 of the 3 numerical puzzles associated with the \(V −A) + (fM + fE)" phase-type ambiguity.
We will denote respectively the \Standard Model’s" and the \(V − A) + (fM + fE)" coupling’s
amplitudes by an (SM) and (+) subscript. Although a large chiral weak-moment changes the
tR to bL transition amplitude, it does not drastically eect the SU(2)L X U(1)Y gauge structure.
Accordingly, with present knowledge, it is less radical to consider an unexpected intrinsic property
of the top-quark itself, instead of a tree-level occurrence of an additional EW coupling.
For t ! W+b, the most general Lorentz coupling is W µJµbt = W µ ub (p) Γµut (k) where kt =
qW + pb, and
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For a most general treatment of additional Lorentz structures to pure V −A, we consider the gi or
i as complex phenomenological parameters. For gL = 1 units with gi = 1, the nominal size of i
is mt
2
= 88GeV to be compared with the SM’s EW scale v =
√
−2=jj = p2h0jj0i  246GeV ,
where  is the Higgs eld.
In the t rest frame, the matrix element for t ! W+b is
ht1; t1; W+; bj
1
2
; 1i = D(1/2)λ1,µ (t1; t1; 0)A (W+; b) (3)
where  = W+ − b in terms of the W+ and b-quark helicities. The asterisk denotes complex
conjugation. The nal W+ momentum is in the t1; 
t
1 direction and the b-quark momentum is in
the opposite direction. 1 gives the t-quark’s spin component quantized along the z axis. 1 is
also the helicity of the t-quark if one has boosted, along the \−z" direction, back to the t rest
frame from the (tt)cm frame. It is this boost which denes the z axis in the t-quark rest frame for
angular analysis [1].
To be able to quantitatively assess future measurements of competing observables in t ! W+b
decay, we considered [1] the gV−A coupling values of the helicity decay parameters versus those for \
(V−A) + single additional Lorentz structures." There are 2 dynamical phase-type ambiguities (S+
P ) and (fM +fE), see Table 1. The occurrence of these two dynamical ambiguities is not surprising
for these 3 chiral combinations only contribute to the L-handed b-quark amplitudes as mb ! 0.
However, associated with the latter (fM + fE) ambiguity, there are 3 very interesting numerical
puzzles at the 0:1% level: The rst puzzle is that the A+(0;−1=2) amplitude for gL+gfM+fE has the
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same value in gL = 1 units, as the ASM(−1;−1=2) amplitude in the SM. From the empirical t-quark
and W-boson mass values [5], the mass ratio y = mW
mt
= 0:4610:014. This can be compared with




(1−y2)3 ) + : : : =
1:89x2 − 0:748x4 + : : : which follows by expanding in the mass ratio x2 = (mb=mt)2. Since
empirically x2 ’ 7  10−4, there is only a 4th signicant-gure correction from the nite b-quark
mass to the solution y = 0:46006 (mb = 0). Note versus theoretical interpretation of this mass
relation x2 is very small and not of order one.
The other two numerical puzzles are the occurrence of the same magnitude of the two R-handed
b-quark amplitudes ANew = AgL=1=
p
Γ for the SM and for the case of (gL + gfM+fE). Except for
the diering partial width, Γ+ = 0:66GeV versus ΓSM = 1:55GeV , by tuning the magnitude of
L-handed amplitude ratio to that of the SM, the R-handed amplitude’s moduli become those of
the SM to the 0:1% level. Due to the additional fM + fE coupling, it is the  = W+ −b = −1=2
helicity amplitudes ANew which get an overall sign change.
As noted above, four types of analytical relations are a deeper realization of 2 of these 3
numerical puzzles: 3 dynamical relations occur to all orders in the y and x mass ratios. These
rst 3 relations are also independent of the numerical value of the eective-mass scale +: The







for separately i =(SM), (+). This condition relates the two amplitudes which change sign, i.e.
the amplitudes with  = W − b = −1=2, to the two amplitudes which do not in the case of the






This relation is for the sign-flip amplitudes, c.f. Table 1, but the analogous one is also true for
the non-sign-flip amplitudes.
Due to (ii), the two (i) relations imply but are stronger than simply an independent equality
of the ratios of the (SM) and (+) amplitudes which do/do-not change sign, i.e. the existence of 3
relations is a stronger result than is apparent from only the 2nd and 3rd numerical puzzles.
On the other hand, the two (i) relations can be rewritten to relate the ratios of left-handed








Consequently, by determining the eective mass scale + = +(mW =mt; mb=mt) so that there is





the normalized ANew = AgL=1=
p
Γ amplitudes for the SM and for the case of a (gL + gfM+fE)





[1 + (mW =mt)
2 − (mb=mt)2] (8)
or equivalently, + = EW=2 where EW is the energy of the nal W-boson in the t-rest frame.
Hence, the relation (iii) is equivalent to the S-matrix probability condition that the ANew =
AgL=1=
p
Γ amplitudes are equal in magnitude between the SM and (+) case, to all orders in
the two mass ratios. Only the actual value of this new EW scale +  53GeV depends on the
empirical values of mW =mt, mt, and the fact that the mb=mt ratio is small.
The SM is a theory, being renormalizable and unitary. In such a framework, an anomalous
4
coupling implies other new physics, e.g. new particle production, at an eective mass scale of
 2+  106GeV . Unfortunately in regard to detailed predictions, such models are rather non-
unique in regard to the particle multiplets and their associated couplings; they are also complex
and complicated in regard to a satisfactory treatment of higher order eects. Here the additional
R-chirality t-quark weak coupling could be problematic given (i) the successful agreements of
the SM at thru the one-loop level versus EW observables and (ii) the SM’s self-consistency of 3
point-like fermion families. However, when there is additional empirical information on t ! W+b
and if , for instance, a deeper exact symmetry were found which yields the tWb-transformation,
see (10) below, this should expedite development of a theory with a top-quark with a large chiral
weak-moment.
The rst numerical puzzle, i.e. the equality (iv):
A+(0;−1=2) = ASM(−1;−1=2); (9)
does depend on the empirical value of the mass ratio mW =mt. It is not obvious whether (iv) is an
exact or approximate relation and, unfortunately, the empirical masses will not be better known








. (iv) is also equivalent to
the velocity formula
p
2 = vγ(1 + v) = v
√
1+v
1−v , where v is the velocity of the W-boson in the
t-rest frame, so by this cubic equation v = 0:6506 : : : without input of a specic value for mb.
Eventually, as a test of (iv), a measurement of v at a l−l+ collider near the tt-threshold might be
better than using the empirical mass ratio y = mW
mt
.
In summary, the four analytic-type relations can be characterized by a tWb-transformation
A+ = M ASM where M = v diag(1;−1;−1; 1) due to (i) thru (iii), and where
























1−v due to relation (iv). In (10), an overall factor of
√
mt (Eb + qW )
is omitted versus the formulas in [6] for the helicity amplitudes in terms of the couplings (1,2) . In
(10), (iv) has been used for the two components involving the longitudinal component of the W.
It is not clear whether there is a dynamical mechanism and/or a mathematical-symmetry origin
for such a tWb-transformation.
As the simplest assumption, the top-quarks described by the SM weak decay amplitude and
those described by the (+) weak decay amplitude are presumed identical except for their diering
chiral weak-moments. Since (i) nothing suciently fundamental appears to forbid a coexistence
of both types of top-quarks and since (ii) the explanation of the rst numerical puzzle (9) might
involve a dynamical equilibrium requirement, it is important to perform simple tests so as to
empirically constrain that possibility. The (+) types would occur with a longer lifetime and there
are simple dierences in stage-two spin-correlation functions: If for simplicity only bL amplitudes
are considered, then for the general angular distribution in the (tt)cm frame, i.e. in Eq(62) of [6],
the product of decay density matrices Rλ1λ01
(t ! W+b ! : : :)Rλ2λ02(t ! W
−b ! : : :) for the top
and anti-top is to be replaced according to
Rλ1λ01
Rλ2λ02
! [ΓLΓL + ΓT ΓT + II cos  cos ](jctj2 + v2jcT j2)2
+[ΓLΓT + ΓT ΓL](jctj2 − v2jcT j2)2
+[I cos (ΓL + ΓT ) + (ΓL + ΓT )I cos ](jctj4 − v4jcT j4) (11)
In (11), the jct,T j2 are respectively the unknown probabilities to produce the top-quark with-
out/with the large chiral weak-moment via a specic non-weak interaction production process.
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This equation is a compact, schematic display of the terms arising from the, now four, composite
decay density matrices Rλ1λ01




cos ; : : : (12)
where Γ does not depend on W longitudinal/transverse interference ( the helicity parameters  and
 =  in the case of non-coexistence) and I depends on W longitudinal/transverse interference ( the
L helicity parameter in the case of non-coexistence). The term \schematic" means, for instance,
that the angle  in (12) represents the angles/momenta specifying W+b ! : : : which can be used
for separating the I versus Γ terms in Rλ1λ01
, c.f. [6]. The helicity parameters of [6] were normalized
by the partial width assuming a single kind of t-quark whereas in (11) the overall normalization
includes a factor (jctj2 + v2jcT j2)2. From (11), measurement of both this factor and, e.g., the
ratio (jctj2 − v2jcT j2)2=(jctj2 + v2jcT j2)2 can be used to constrain the possibility of simultaneous
non-zero values of jct,T j2. By (11), it is evident that a W longitudinal/interference measurement
is not needed, i.e. the ΓiΓj terms are sucient. If indirect signatures for coexistence were to be
found, it would obviously then be desirable to perform a direct lifetime experiment to conrm and
better investigate the coexistence. It is to be noted that (11) is model dependent regarding other
interactions of the t; T : the use of jct,T j2 assumes both universality and factorization; both t; T
have been assumed to decay weakly into common nal states with the sign and \v" dierences
per (10).
Fortunately, in the simpler non-coexistence case, a suciently precise measurement of the sign
of of the L  1Γ jA(−1;−12)jjA(0;−12)j cos L helicity parameter will determine the sign of cosL
where L = 
L
−1−L0 is the relative phase of the two bL-amplitudes, A(W+ ; b) = jAj exp(iL,RλW+ ).
Measurement of the sign of L = 0:46(SM/+) due to the large interference between the W
7
longitudinal/transverse amplitudes could exclude such a large chiral weak-moment. Second, mea-







)j sinL helicity parameter would
provide useful complementary information. In the absence of TFS-violation, L
0
= 0.
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Table Captions
Table 1: Numerical values of the helicity amplitudes A (W+ ; b) for the standard model and
at the two ambiguous-moduli points. The values are listed rst in gL = 1 units, and second as
Anew = AgL=1=
p
Γ. The latter removes the eect of the diering partial width in the (fM + fE)
case. [mt = 175GeV; mW = 80:35GeV; mb = 4:5GeV ].
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